INTRODUCTION
Numerous nucleic acid-dependent ATPases play a pivotal role in genome replication, expression, and repair (1). It is common for different enzymes of this type to mediate consecutive steps in a single process (e.g. DNA replication initiation), indicative of fine-tuned functional diversification. A large fraction of DNAdependent and RNA-dependent ATPases possess helkase activity, i.e. unwind DNA or RNA duplexes concomitantly with ATP hydrolysis (2) (3) (4) . Other DNA-dependent ATPases, e g. bacterial DnaA protein, do not have bona fide helicase activity but facilitate the so-called opening of DNA duplexes that is a prerequisite for binding of other proteins, including helicases (1, 5, 6) .
Computer-assisted comparative analysis of amino acid sequences has had significant impact on the identification and functional characterization of the nucleic acid-dependent ATPases. The vast majority of these proteins contain the so-called Walker-type purine NTP-binding pattern that consists of two distinct motifs, 'A' and 'B' (7, 8) . A number of groups of ATPases, particularly DNA and RNA helicases, could be delineated based on unique sets of additional conserved motifs (4, (9) (10) (11) (12) (13) (14) .
An important, and generally unresolved issue in computerassisted sequence analysis is the identification of proteins that contain modified but functionally active forms of conserved motifs. Here I report on the identification of a group of eukaryotic proteins involved in DNA replication initiation as putative DNAdependent ATPases with a modified 'A' motif of the Walker pattern and propose a common arrangement of conserved motifs for three large groups of DNA-dependent and RNA-dependent ATPases.
METHODS
Amino acid sequences were from the GenBank database (Release 74.0) as updated at the National Center for Biotechnology Information (NCBI), NIH. Database searches for sequence similarity were performed using programs based on the BLAST algorithm (15) and the BLOSUM62 matrix for comparison of amino acid residues (16) . BLASTP program compares an amino acid sequence with the amino acid sequence databases; TBLASTN program compares an amino acid sequence with the conceptual translation of the nucleotide databases in all six reading frames; and BLAST3 is a modification of BLASTP generating three-way alignments. Multiple alignments of amino acid sequences were generated using the programs MACAW (17) , CLUSTALV (18) , and OPTAL (19) . Database search for sequence motifs was performed using programs DBSITE and FPAT (NCBI). Protein secondary structure prediction was performed using the Gamier algorithm (20) .
MCM proteins involved in eukaryotic DNA replication initiation contain a modified form of the NTP-binding pattern and belong to a single superfamily with two families of prokaryotic ATPases Initiation of chromosomal DNA replication in eukaryotes is mediated by the DNA polymerase a holoenzyme, which appears to be an analog of the bacterial primosome. The holoenzyme contains a number of poorly characterized 'auxiliary' proteins, in addition to the catalytic subunits of the DNA polymerase and primase (21, 22) . Recently a group of related yeast proteins designated MCM (MiniChromosome Maintenance) has been characterized, which appeared to be involved in the initiation of chromosomal DNA replication in an origin-dependent manner (23) (24) (25) (26) . Experimentally, this was manifest by the differential effect of different man mutations on the maintenance of minichromosomes containing different ARSs (Autonomously Replicating Sequences). It has been hypothesized that MCM proteins interact directly with ARSs (24, 25) . Also, it has been shown that the previously characterized CDC46 gene, which is essential for cell division, is identical to MCM5 (26) . A mammalian homologue of MCM proteins has been recently identified and it has been shown that this protein (PI) is a loosely bound component of the DNA polymerase a holoenzyme (27) .
MCM proteins and PI show significant sequence conservation, which is particularly pronounced in the so-called region II, a 200 amino acid residue domain located roughly in the middle of these large proteins (24) (25) (26) (27) . It has been claimed that the amino acid sequences of MCM proteins and PI lacked any known nucleic acid or nucleotide-binding motifs (27) . However, inspection of the alignments suggested that they did contain a conserved sequence resembling the A motif of the Walker type NTP-binding pattern, with the Gly in the GKS(T) signature substituted by Ala or Ser. Screening of the sequence databases for similarity to MCM proteins revealed moderate similarities with two groups of (putative) prokaryotic ATPases, namely transcription regulators related to NtrC protein, and bacterial (or chloroplast) proteins containing the NTP-binding motif and related to Mg 2+ chelatase from Rhodobacter capsulatus. Although not striking, the similarity in some protein pairs was statistically significant. For instance, the probability of random matching between the sequences of CDC46 and E.coli chelatase-related protein YifB was computed to be below 10~4. The regions of the highest similarity between MCM proteins and both groups of bacterial proteins centered at the 'A' and 'B' motifs of the NTP-binding pattern. Multiple alignment of the three proteins groups constructed using the MACAW program revealed four conserved motifs shared by the MCM proteins with each of the two groups of (putative) bacterial ATPases (Fig. 1) . In each of these motifs the alignment was statistically highly significant, with the probability of random matching in all sequences below 10~1 3 . In an independent statistical test, the pairwise alignment of the sequences of CDC46 and YifB using the OPTAL program scored 9.5 standard deviations above the random expectation, which is an evidence of significant similarity. Figure 1 . Multiple alignment of the MCM proteins with two groups of prokaryotic ATPases. Only the conserved regions are shown, with their boundaries determined using the MACAW program so as to achieve the maximal statistical significance. The length of the intervening variable regions and the distances from the protein termini are indicated by numbers. C2 are chloroplast proteins. Of the numerous available NifA-related sequences, five relatively dissimilar proteins were chosen. The consensus panern shows amino acid residues (or groups of two or three related residues) that are conserved in all aligned sequences (upper case) or in all but one sequences (lower case). U indicates a bulky aliphatic residue (I, L, V, M), & indicates a bulky hydrophobic residue, aromatic or aliphatic (I, L, V, M, F, Y, W), and dot indicates any residue. The invariant residues are highlighted by bold typing. Each sequence is accompanied by the GenBank accession number. Three additional highly conserved MCM-related genes from yeast and Xenopus laevis have been recently identified and partially sequenced using polymerase chain reaction with primers designed based on the motifs from the conserved region described here as the putative ATPase domain (55) . Yet another related sequence has been found in the putative product of an uncharacterized CaenorhabOns elegans cDNA done (Kerlavage, A. R.; GenBank T00192). These incomplete sequences are not shown in the Figure the NtrC family (Fig. 1 , and data not shown), was found to be unique upon screening of the available sequence databases. Another descriptor with a similar specificity could be constructed by combining the signatures from motifs I, II, and HI in the following regular expression UUUxGx 2 
Each of these regular expressions is violated only in a few NtrC-related protein, some of which may have lost the ATPase activity (see below). These findings suggest that MCM proteins and the two related groups of bacterial proteins comprise a new superfamily of (putative) DNA-dependent ATPases.
The presence of the putative NTPase domain conserved from yeast to mammals indicates that MCM proteins may be involved in an ATP-consuming step in the initiation of DNA replication in all types of eukaryotic cells. The ATP-dependence of the assembly of the yeast replication initiation complex has been demonstrated (28, 29) . The similarity between MCM proteins and NtrC-like proteins may be indicative of a direct functional analogy between these proteins, which are involved in the initiation of replication and transcription, respectively. Recently it has been shown that NtrC is a DNA-stimulated ATPase and that ATP hydrolysis is required for DNA duplex opening, which is a prerequisite of transcription activation (30, 31) . MCM proteins may act similarly in the initiation of eukaryotic DNA replication.
The functional implications of the even more notable similarity with the chelatase-related family remains unclear as these prokaryotic proteins have not been studied in any detail. It remains to be determined experimentally whether these proteins also are DNA-dependent ATPases or the observed sequence conservation is due solely to structural and functional analogies in the ATPase domain as such. The latter possibility cannot be The overlap between ORF180 and ORF167 where the frameshift is supposed to be located and the actual encoded sequence is uncertain is underlined. Amino acid sequence of the putative helicase domain of bacteriophage phiR173 primase (56) was identical to the P4 sequence.
Nucleic Acids Research, 1993 , Vol. 21, No. 11 2543 ruled out as illustrated by the striking sequence similarity between the ATPase domains of transcription termination factor Rho, which is a DNA-RNA helicase, and proton-translocating ATPases (4, 32) .
Cellular homologues of viral helicases
Comparative analysis of the amino acid sequences of DNA and RNA helicases has revealed well defined conserved motifs and allowed the delineation of several distinct (super)families (4; 8-14) . The two largest groups of helicases, provisionally designated superfamilies I and II, each include DNA and RNA helicases encoded by prokaryotic, eukaryotic, DNA viral, and RNA viral genes (9) (10) (11) (12) . In contrast, superfamily EH has been shown to consist entirely of (putative) helicases of small viruses, namely positive-strand RNA picornaviruses, caliciviruses, comoviruses, and nepoviruses, single-stranded DNA parvoviruses and geminiviruses, and double-stranded DNA papovaviruses and bacteriophage P4 (13) . Recently a protein related to the NSl protein of parvoviruses has been discovered in human herpesvirus 6 (HSV6), a large DNA virus (33) . The relatively close similarity between this protein and NSl of the adeno-associated virus (AAV) and the absence of a homologue in the other herpesviruses suggested recombinational origin for the putative helicase of HSV6 (33) .
The DNA and RNA helicase activity has been explored in detail for the T antigen of SV40 papovavirus (34) and has been demonstrated also for parvovirus NSl protein (35, 36) , and for the P4 bacteriophage primase (37) . For 2C proteins of picornaviruses, the importance of the conserved helicase motifs for virus reproduction has been proved by site-directed mutagenesis (38, 39) , and very recently the RNA-dependent ATPase activity has been demonstrated (Mirzayan, C. and Wimmer, E. Abstracts of the Third International Symposium on Positive Strand RNA viruses. Clearwater, FL, 1992, Abstract P4-28).
The helicases of superfamily HI have only three conserved sequence motifs tightly packed in an approximately 100 amino acid domain (13) . Two of these are specific versions of the 'A' and 'B' motifs of the purine NTP-binding pattern, and only the third C-proximal motif ('C') has been found to be specific for this superfamily. The scarcity of conserved motifs made it difficult to derive a unique sequence signature for this superfamily although the multiple alignments between its members were statistically significant (13) .
In an attempt to identify possible cellular members of the helicase superfamily EQ, I performed systematic database searches for sequence similarity to these viral proteins. Highly significant similarity (probability of matching by chance 6.2 xlO" 5 as computed using the BLASTP program) was revealed between the helicase domain of bacteriophage P4 primase and the product of an unidentified open reading frame consisting of 180 codons (ORF180) in Marchantia polymorpha mitochondrial genome (40) . ORF180 aligned only with the N-terminal portion of the helicase domain of the phage primase, terminating closely after the 'A' motif. Inspection of the sequence of the downstream overlapping ORF167 revealed counterparts to motifs 'B' and 'C, suggesting that these two ORFs probably encode a single protein and have been separated by an artifactual frameshift. Alignment of the P4 helicase domain with the concatenated products of ORF180 and ORF167 (Fig. 2 ) generated by OPTAL program scored 11.9 standard deviations (SD) above the random expectation, which is indicative of a genuine evolutionary and probably functional relationship. A common unusual feature shared by these two putative helicases was the substitution of the first of the doublet of negatively charged amino acid residues typical of the NTP-binding motif 'B' by either asparagine or proline (Fig. 2) . This feature was shared also by the putative helicase of Autographa califomica nuclear polyhedrosis virus (AcNPV, a baculovirus; ref. 41 ) that showed statistically significant similarity (7.0 SD) with the phage and mitochondrial helicases. The sequences of these three proteins were compared to other groups of helicases in superfamily HI. The closest similarity was observed with the parvovirus helicases, with the alignment with six parvovirus sequences scoring 10.9 SD. A unique pattern, Ux&xGPx 3 
GK[ST]x n [KR]xUx[GS]Gx 2 Ux-[&C]x 2 [KN]
could be defined that selectively retrieved from the NRDB the P4 and Marchantia sequences together with those of the parvovirus helicases (Fig. 3) . The second part of this pattern was derived from an additional conserved motif (B') that is located between motifs 'B' and 'C (Fig. 3) . Several proteins showed marginal similarities to the helicases of superfamily HI in the region around motif A. Further analysis suggested that one of these, the product of an unidentified ORF located 3' of the yeast ADE3 gene (hereafter ADE3x), was indeed related to superfamily m helicases. ADE3x sequence scored 9.3 SD when aligned with 23 (Fig. 4) .
Interestingly, I observed that the putative NTPases encoded by coconut foliar decay virus (CFDV) and banana bunchy top virus (BBTV), unclassified plant viruses with a very small ssDNA genome (42, 43) , are also related to uiis group of putative helicases, some deviations in the conserved motifs notwithstanding (Fig. 4) .
These observations showed that analogously to the two other superfamilies of helicases, superfamily in includes both viral and cellular proteins. ORF1 B8TV  AL1 ABHV  AL1 BGMV  AL1 TG»(V  AL1 CLV  AL1 BCTV  AL1 CSHV  AL1 MSV  AL1 WDV  ADE3X The NtrC superfamily, the helicase superfamily HI and the DnaA family contain similar sets of conserved motifs Database searches using the BLAST programs showed marginal similarities between some of the proteins of the NtrC superfamily, the helicase superfamily HI, and the family of DnaA-related DNA-dependent ATPases (44, 45) . Comparison of the multiple alignments of these three groups of DNA(RNA)-dependent ATPases revealed surprisingly similar arrangement of the conserved motifs. In each case the 'A', 'B', and 'C motifs were packed in a compact domain consisting of 100-150 amino acid residues (the 'ABC domain). Apparently, large inserts between the conserved motifs were not allowed (with the possible exception of the spacer between motifs 'A' and 'B' in the chloroplast chelatase-related proteins; Fig. 1 ), in contrast to what is observed in the helicase superfamilies I and II (9) (10) (11) (12) , and in UvrA-related DNA-dependent ATPases (14) . In addition to the similar spacing of the conserved motifs, the 'C motif had a conserved structure, with a hydrophilic residue, usually asparagine, preceded by a hydrophobic stretch probably forming a /3-strand (Fig. 5 ). In the helicase superfamily HI, the three principal motifs almost precisely delineated the conserved domain while both the NtrC superfamily and the DnaA family contained a fourth, distal motif ( Fig. 1 and refs. 44, 45 ). The presence of only three conserved motifs, two of which are common to a wide variety of NTPases, precluded identification of the three groups of the DNA-dependent ATPases as a single class in a database search. Nevertheless, comparison of the profiles of amino acid residue conservation in the three motifs and the distance intervals between them revealed remarkable similarity (Fig. 5b) . I suggest that the three tightly packed motifs define an ancient ancestral domain of DNA-dependent ATPases. Conceivably, this domain appeared very early in evolution. The helicase superfamily HI and the NtrC superfamily combine prokaryotic and eukaryotic proteins. Thus the distinct ancestors of each of these large groups of ATPases containing the 'ABC domain appeared to have evolved before the divergence of prokaryotes and eukaryotes. Accordingly, the initial ancestral domain could already exist in very primitive organisms.
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Inspection of the available alignments of other groups of NTPases for uhis arrangement of conserved motifs revealed similarities in a subset of the large superfamily that includes regulatory subunits of ATP-dependent proteases and other ATPases witii diverse functions (46, 47) . However, conservation of the 'C motif could not be traced throughout the superfamily. Hence, diese similarities were not pursued further although it cannot be ruled out that they reflect a genuine ancestral relationship.
Different types of deviations in the ATP-binding motifs
Motif A (the so called P loop) has been shown to directly interact with the phosphate moiety of the NTP substrate in several ATPases and GTPases (48, 49) . Generally, this motif has the formula hydrophobic sequence-(G)x2(G)xGK [ST] (Gly residues shown in parentheses may occur alternatively) forming a Glyrich flexible loop preceded by a /3-strand and succeeded by an a-helix. MCM proteins contain alanine or serine instead of the uhird conserved gly cine, whereas the putative helicases of densoviruses (insect parvoviruses) and CFDV have other deviations in this motif (Fig. 5a ). As discussed elsewhere (50, 51) , various substitutions in the 'A' motif may be compatible with ATPase activity provided that the typical /3-strand-loop-a-helix conformation is maintained. Secondary structure predictions indicated that this is likely to be the case for the MCM proteins and the viral helicases (Fig. 5a ). In addition, the perfect conservation of the other two motifs also suggests that these proteins have ATPase activity.
The 'B' motif typically has the structure <hydrophobic stretch > D [ED] . Considerable variability in this motif is observed in the helicases of superfamily HI (Fig. 5a) . Apparently, the only common denominator for all variants of the 'B' motif is at least one negatively charged residue preceded by a stretch of bulky hydrophobic residues conceivably forming a /S-strand. As variants of the 'B' motif with striking deviations from the consensus are found in proteins widi demonstrated helicase activity, e.g. T antigen and primase of phage T4, these features should be sufficient for mediating the interaction with ATP via Mg 2+ cation, in which this motif is implicated (49) .
In several proteins of the NtrC superfamily (HydG from E. coli, PgtA from Salmonella typhimurium, HupRl from Rhodobacter capsulatus), both 'A' and 'B' motifs contain drastic modifications including small deletions and elimination of the hydrophobic region in the 'B' motif (Fig. 5a ). It can be predicted that these proteins have lost the ATPase activity.
Domain structure of nucleic acid-dependent ATPases
In nucleic acid dependent ATPases, the small conserved 'ABC' ATPase domain is frequently combined with different other domains that mosdy perform related functions. These include the DNA-binding domains of the helix-turn-helix type (NtrC superfamily) and the Zn-finger type (T antigen, primase of P4, putative helicase of AcNPV); the primase domain (51) ; and the endonuclease domain involved in rolling circle DNA replication (the putative helicases of parvoviruses and geminiviruses; 52,53). In only a few proteins, i.e. the putative RNA helicases of picornaviruses and the putative DNA helicase from Marchantia mitochondria, the ATPase domain is accompanied by relatively short additional sequences that may be involved in protein-protein and/or membrane interaction. Thus the ancient 'ABC ATPase domain may be viewed as a movable module, perhaps performing a mechanistically similar ATPase reaction in different contexts.
CONCLUSIONS
The analysis summarized here indicates that a simple basic arrangements of three structural motifs is conserved in a small ancestral ATPase domain found in a vast variety of nucleic aciddependent ATPases, which may or may not have helicase activity. Despite the wide range of specific activities, all these proteins may have a degree of functional similarity in that some of them mediate unwinding and the others 'opening' of DNA or RNA duplexes.
A remarkable flexibility of the sequence constraints in the ATPase motifs should be emphasized. The relaxed definition of the 'A' motif of the NTP-binding pattern led to the prediction of DNA-dependent ATPase activity in a new group of proteins involved in eukaryotic DNA replication, the MCM proteins. Extensive search for motifs that despite sequence variation, maintain their structural and functional identity has significant potential in identification of functional domains in proteins.
